Silica fiber mats were fabricated by soaking electro-spun poly(vinyl alcohol) fibril mat in NH 4 OH-catalyzed (Stöber type) colloidal silica sol and silica oligomer solution from HCl-catalysis of the system tetraethoxysilane, ethanol, and water, followed by appropriate heat treatments. The silica fibrils from the Stöber silica sol were hollow nano-tubes (NT) consisting of nano-sized silica particles, while the silica nanofibers (NF) from the acid-catalyzed sol were solid with minimal porosity. A model was proposed for the NF and NT formation processes.
Introduction
Ceramic micro-and nano-fiber mats find many biomedical applications. Collagen fibrils are sometimes used as a template for such mats. Eglin et al. studied in part the effects of silica nano-particles on triple-helix self-assembly properties of collagen. 1) They pointed out that dilute silicate solution kept the collagen self-assembly but at higher concentration poly-(silisic acid) is locally adsorbed on the collagen chains to hinder their association. Recently, Chen et al. fabricated silica hollow nanofiber mats 2) from coating lyophilized collagen fibrils with Stöber type silica colloid particles held in dilute suspension, 3) followed by calcination. They studied also MC3T3-E1 osteoblastic cell proliferation and BMP (bone morphogenic protein) delivery activity of those silica mats.
2),4) However, use of collagen as a template for silica or ceramic fiber mats involve a few disadvantages such as costs, availability of purified samples, or suspected biological pollution of environment. For industrial and cost-conscience production, synthetic polymers that can be spun into nano-or micrometer fibers are more favorable.
Electrospinning is one of the fiber forming techniques, and many studies have been conducted to control fiber diameter, morphology, or other properties of spun fibers, aiming at tissue engineering, drug delivery, or other applications. 5) 11) It is promising to hybridize those spun fibers or fiber assemblies with nano-and micro-sized inorganic particulates having physiological functionality. Silica is one of the best candidates to be hybridized. This study is to give some basis to design hybrids between electro-spinable polymers and silica nano-or microparticles, where electro-spun poly(vinylalcohol) (PVA) was the fibrous substrate on which silica derived from hydrolysis of tetraethoxysilane (TEOS) under acid or basic conditions was coated. The morphologies and microstructures of as-coated fiber and calcined mats were observed. Figure 1 shows schematically the set up of the electrospinning system employed in this study. A sheet of iron plate, 20 cm square in size and covered with aluminum foil, was the cathode, while the anode was a needle (5 cm long and 0.06 mm of inner diameter) set above the cathode, connected to a syringe pump with polyurethane tubing. Acceleration (1520 kV) and the anode-cathode distance (1015 cm) were so adjusted as to attain steady spinning. As-purchased chemical pure PVA with polymerization degree 500 and 2000 (PVA500, PVA2000; nacalai tesque, Osaka, Japan) was dissolved into distilled water at 80°C to prepare 513 mass % aqueous solution. Preliminary experiments on spinning of those PVA solutions indicated that the aqueous solutions of PVA500 could not be spun into continuous fibrils, and the low concentration solutions of PVA2000 could not, either. However, 13 mass % solution could not be extruded at proper rates from the spinning syringe due to high viscosity. 15) were found in the literature, and this study took the molar ratio of TEOS:EtOH:H 2 O = 1:5:4, with HCl/ TEOS = 0.5. Alkali-catalysis of an alkoxysilane yields silica colloid particles, 12),13) and the ammonia catalysis was commonly denoted as Stöber process after Stöber et al. 3) Another preliminary experiment was conducted to examine if such Stöber-type sol was proper to the PVA fibrils. Chen et al. used a system consisting of TEOS, EtOH, H 2 O, and NH 4 OH in the molar ratio 1:23.0:12.3:0.7 for fabrication of silica nano-tube mat, applying collagen template procedure.
Experimental procedure 2.1 PVA solution
2) However, their system was found inappropriate for the present objective to coat the electrospun PVA fibrils with silica colloid particulates, because it degraded the spun fibrils and yielded a sheet of wet silica gel, partly reinforced by the PVA fibrils. Thus, a few different ratios TEOS:EtOH:H 2 O:NH 4 OH = 1:x:12.3:y were tried; here x was 2291, and y was 0.51.39. According to the chemical stability of the systems to attain successful silica colloid coating, the molar ratio 1:23.0:12.3:0.5 was selected for the coating sol.
Hydrolysis and condensation reactions in those solgel systems accompany the growth of oligomers with the reaction period, and the growth rate is heavily dependent on the reaction temperature. In order to examine indirectly those effects, the sols of the acid systems 5 min and 1h after the mixing of the components at room temperature or at 80°C (denoted hereafter as aging) were used for coating, whereas freshly prepared Stöber type sol was used.
The electrospun PVA fiber mats were cut into pieces of 2 cm square in size, and were soaked in the acid-or base-catalyzed silica sols for 2 h under gentle stirring. It was expected that, in the soaking period, the silica oligomers were adsorbed on the fibril surface to form coating layers or were diffused into the intramolecular spaces in the fibril. One might suspect that the acid and base solvents would attack the fibril surface or even degrade the fibrils during the soaking. Yet, degradation was not observed, eventually, as far as the fibrils were soaked at room temperature. The PVA fibril mat samples coated with the silica oligomers were dried in a desiccator overnight. Each dry sample set in a high alumina box with a cap (inside area: 5 cm square; inside height: 3 cm) was placed in an electric furnace. The furnace temperature was raised at 5°C/min up to 500, 600, and 650°C, and held there for 1 h. Finally, the sample was let cooled by turning off the furnace to obtain silica micro-fiber mats. Carbon-like residue of PVA was found in the samples when they were calcined up to 450°C. Thus, the samples were set soaked at those temperatures. The surface morphology and microstructure of as-spun PVA mats, silica sol-coated PVA mats, and calcined mats were observed under a scanning electron microscope (Model S4800-325, Hitachi High Technologies, Tokyo, Japan; acceleration: 5 kV) after 0.3¯m Au coating.
Results
3.1 Microstructure of fibril mats coated with silica sol (not calcined) Figure 2 shows typical microstructure of as-spun PVA mat, consisting of fibrils of 0.60.5¯m in diameter. It was noticed in the course of spinning that the fibril thickness or sedimentation density varied with the degree of off-center. That is, the center part right beneath the needle tended to gave somewhat denser sedimentation of thinner fibrils. Continuous fibrils were stacked and yielded a 3-D random porous structure. Some fibrils were fused together into thick fibrils, or some were fused at crossing regions that contributed to mechanical flexibility or ease of handling. Figure 3(a) shows the microstructure of the electrospun fibril mat soaked for 2 h in the silica sol that was derived from the HCl catalysis at room temperature before aged for 5 min. The circle indicates a typical webbing-like region, whose high magnification image was presented in Fig. 3 (b) . The webbinglike region showed bright and dark parts, interconnected with each other, similar to the microstructure due to spinodal-type phase separation. Figure 4(a) shows the microstructure of the PVA fibril mat, after soaked in the Stöber-type sol for 2 h. The fibril surface seemed smooth and microstructure of the mat looked very similar to that in Fig. 3(a) . However, a high magnification image in Fig. 4(b) indicated the fibril surface was covered with particulates of ³20 nm in size, and that no webbing-like regions were observed. Consequently, Figs. 3 and 4 were compared to clearly demonstrate a few distinguished differences between the silica coating layers from the acid-and base-catalyzed sols. 
Microstructure changes due to calcination
When calcined, drastic difference in the microstructure was observed between the acid-and base-catalyzed sols, after calcining the fibril mats. Figures 6(a) and 6(b) shows typical microstructure of silica fibril mat after calcining at 650°C for 1 h. Here, the as-spun PVA fibril mat was soaked in the HCl-catalyzed sol that was aged for 5 min. The fracture surface image in (b) indicated the silica fibrils were dense. Note that some of the fibrils were partly fused together to form thicker fibrils. In contrast, Fig. 7(a) indicates that calcination of the mat coated with Stöber-type silica sol yielded curly silica fibrils. Moreover, Fig. 7(b) illustrates the presence of tubular fibrils with ³30 and ³20 nm in the outer and inner diameter, as well as bulky blocks due to agglomeration of the fibrils. Figures 7(c) and 7(d) show morphology for the silica fibrils, calcined at 500 and 600°C for 1 h, respectively. Figures 7(a) , 7(c), and 7(d) indicate similar curly fibrils, and it follows that the morphology was little affected by the calcining temperature for the Stöber silica sol coating. Figure 8 demonstrates that the aging conditions of the HClcatalyzed sol affected very much the morphology of the silica fibril mats. When the sols were used for coating after aged (a) for 1 h at room temperature, and (c) 5 min at 80°C, the SiO 2 fibrils kept their original fibrous and webbing-like morphology, presented in Figs. 5(b) and 5(d), even after calcining at 650°C for 1 h. However, when Fig. 8(b) for the sol aged for 5 h at room temperature is compared with Fig. 5(c) , it is clear that the fibril mat lost the original morphology on calcining. Although the mat retained continual filaments, the webbing-like silica occupied most of the space among those filaments.
4. Discussion 4.1 Acid-and base-catalysis in the TEOS sol-gel systems
The acid-and base catalyzed silica sol systems resulted in the difference in the morphology of the silica fibrils. It has been well established that (1) the NH 4 OH catalysis of the system TEOS-ETOH-H 2 O, like that in the present Stöber type system, provides particulate oligomers of a few nanometers or greater in size, 4) and that (2), in contrast, the HCl catalysis yields chain-like oligomers or even monomeric hydrolysis products, where the molecular size (length and branching) is a function of reaction period.
12)15)
Those sol characteristics agreed well with the surface microstructures demonstrated in Figs. 3, 4 , 6, and 7, and hence, it is concluded that they are responsible for the surface microstructures. The silicate oligomers in the acid-catalyzed sol seemed accommodated in the intermolecular space of the PVA fibers as well as covered the fibril surface. The observations of the webbing-like structure above in Figs. 3 and 5 closely associated with the way of fibril assembly and solubility of oligomers in the PVA fibers. One can accept that the fibrils unraveled in the solution will be stretched on spinning to loose the inter-fibril spaces as well as water. The oligomers will grow with time and increase in viscosity, even when PVA mats are soaked in. Grown oligomers would be too large and be held no more in the interfibril space. In other words, their low solubility in the fibers drove the larger oligomers out of the fibers, and increased viscosity was responsible for the formation of the webbing-like regions.
Both PVA fibrils and silica colloid particles are hydrophilic. Thus, the PVA fibers would hold particles as large as the spaces the fibers could afford. This was not applicable to the Stöber-type sol that resulted in the rough surface layer: The colloidal particles were so large and could not be held among the fibrils but formed a layer of particles, 520 nm, although one cannot rule out the possibility that a fraction of the wet colloidal particles were fused out on the surface to form a homogeneous layer beneath the particulate layer. It seems possible that the fibers are swelled up so much to accommodate the colloid particles inside. A preliminary experience indicated that longer soaking or soaking under a little stronger alkaline solution destroyed the fibrous morphology of the PVA fiber mat.
In consequence, if the fibers can host extremely small particles or fragmental species like orthosilicic acid or oligomers of subnanometer range in size, solid morphology of Fig. 2 should be obtained, while colloidal sols should yield the morphology of Fig. 4 . Therefore, the results described above lead to schematic models in Fig. 9 : silica oligomers are infiltrated into the intramolecular fibrils when soaked in the HCl catalyzed system, giving solid silica nano-fibrils (NF) on calcination. Silica colloidal particles of about ³10 nm in size, presented in Fig. 5 , cover the as-spun PVA fibrils, and yield silica nano-tubes (NT) on calcination.
Microstructure development on calcination
Those oligomers for the as-soaked fibrils, regardless of the catalyses, were wet, but they changed to a xerogel state when stored under dry conditions. Longer aging lead to larger oligomers in length and in particle size, and such growth continues in the course of soaking. This means the increase in viscosity of the sol, which is responsible for the formation of webbing-like regions found in Fig. 5 .
As temperature was raised gradually in the course of calcination, the silica oligomers impregnated in the fibrils also are driven to be polymerized. At the same time, when temperature exceeds certain threshold, the stretched and oriented alignment of the PVA molecules would be broken and relaxed. Then, PVA fibrils would tend to take random conformations and shrink themselves in the lateral directions. Such tendency would be suppressed by the presence of the growing silica oligomers. In contrast, the silica colloid particles on the surface are also subjected to gelation to form particleparticle bonding, while the PVA fibrils shrink above the threshold temperature. Inhomogeneous shrinkage yields the curly morphology, yet leaving nano-tubes of silica particles.
Summary
Electrospinning was applied to 8 mass % solution of PVA [poly(vinylalcohol); 2000 in the degree of polymerization]. Two silica sols were prepared from HCl-and NH 4 OH-catalysis (Stöber type) of the system tetraethoxysilane (TEOS), ethanol (EtOH), and water, where the molar ratio TEOS:EtOH:H 2 O:HCl was 1:5:4, and TEOS:EtOH:H 2 O:NH 4 OH was 1:23:12.3:0.5. Pieces of electrospun PVA fibril mats were soaked in those silica sols for 2 h at room temperature before calcination at 500 650°C for 1 h to obtain silica fiber mats. The HCl-catalyzed sol gave dense silica fibers (NF) < 500 nm in width, while the Stöber-type sol yielded curly silica nanotubes (NT) with ³200 nm in diameter, consisting of silica particulates of ³20 nm in size. Effects of the aging period of sol and calcining temperature on the morphology of the fibril mats before and after calcination were examined by the scanning electron microscopy. Webbinglike regions at the spaces between adjacent or crossing fibrils were fond for longer aging HCl-catalyzed sol, composed of larger oligomers. Curly morphology of the silica fibrils from the Stöber-type sol was attributed to shrink of the PVA fibrils due to their conformation change: stretched and well aligned one attained by the electrospinning was subjected to relaxation in the course of raising temperature. A model was proposed for the NF and NT formation processes and for attaining such morphologies.
Projects/Seminars (201112) by the Japan Society for Promotion of Science, and 2011 Yuzo Uchiyama Grant of the Okayama Foundation for Science and Technology are gratefully acknowledged.
